Minute tissue samples or single cells increasingly provide the starting material for gene expression profiling, which often requires RNA amplification. Although much effort has been put into optimizing amplification protocols, the relative abundance of RNA templates in the amplified product is frequently biased. We applied a T7 polymerase-based technique to amplify RNA from two tissues of a cichlid fish and compared expression levels of unamplified and amplified RNA on a cDNA microarray. Amplification bias was generally minor and comprised features that were lost (1.3%) or gained (2.5%) through amplification and features that were scored as regulated before but unregulated after amplification (4.2%) or vice versa (19.5%). We examined 10 sequence-specific properties and found that GC content, folding energy, hairpin length and number, and lengths of poly(A) and poly(T) stretches significantly affected RNA amplification. We conclude that, if RNA amplification is used in gene expression studies, preceding experiments controlling for amplification bias should be performed.
Profiling gene expression on a genomic scale using microarray technology has become an important tool in uncovering the molecular basis of many biological processes [1] . To be successful, however, this approach requires RNA of sufficient quantity and quality, which is often a limiting factor. This is especially true for mRNA extracted from tissue sections or even single cells, by methods such as micropunches [2] , laser capture microdissection [3] [4] [5] , microaspiration [5] , and fluorescenceactivated cell sorting [6] . To overcome this problem researchers frequently amplify the RNA.
To date, there are two major amplification techniques commonly in use that can also be applied in combination [7, 8] : (1) exponential amplification of cDNA by polymerase chain reaction (PCR) [9] and (2) linear RNA amplification by in vitro transcription (various modifications of the original "Eberwine method" presented by van Gelder and co-workers [10] ). Although both approaches have some drawbacks [11] , linear amplification is generally favored ( [11] [12] [13] but see [14] ). Many studies have focused on optimizing these amplification strategies [15] [16] [17] [18] [19] , and the performance of multiple protocols has been evaluated by several groups using quantitative realtime PCR [20, 21] or microarray analysis [22] [23] [24] [25] [26] .
It has become clear that all amplification procedures introduce some bias, i.e., RNA species may become over-or underrepresented in the amplified RNA compared with the starting RNA [7, 14, 27] . However, identifying mRNAs that are prone to amplification bias due to specific sequence properties is crucial to avoid potentially erroneous results. The bias introduced by differentially amplifying various RNA species has commonly been measured on cDNA-or oligonucleotidebased microarrays as the difference in signal intensity or ratio between amplified and unamplified RNA. However, only a few studies have explored how sequence and/or structure-specific properties of RNA species might affect differential amplification [28, 29] . Nonrandom loss in transcripts due to linear RNA amplification of rat biopsy material was reported by van Haaften et al. [29] , who analyzed gene expression profiles of both unamplified and amplified RNA on the Affymetrix platform. Compared to hybridization signals of unamplified RNA, 21% of reporters were undetectable on arrays with amplified RNA. In contrast, only 3% of reporters scored as absent in unamplified RNA were counted present after amplification. Sequences of reporters that disappeared after amplification had a significantly higher GC content and significantly more and longer hairpins than those present before and after amplification. Notably, the widely used Affymetrix oligo-array platform requires even unamplified RNA to go Fig. 1 . Flow chart of linear RNA amplification with the ExpressArt mRNA Amplification Kit Nano Version (AmpTech GmbH). mRNA is reverse transcribed with an anchored oligo(dT) primer (without T7 promoter). In an attempt to minimize 3′ bias, double-stranded cDNA is produced with a "Box-random-trinucleotide primer," which preferentially binds near the 3′ ends of nucleic acid molecules. In the first round of amplification, a T7 promoter/oligo(dT) primer binds in reverse orientation to the single-stranded cDNA with the Box sequence tag at the 3′ end. This double-stranded cDNA is then used as a template for in vitro transcription, which generates antisense-oriented RNA. The antisense-oriented RNA in turn is used as a template for cDNA synthesis and second round of amplification.
through one round of in vitro transcription and thus amplification during the labeling procedure.
However, the evaluation of amplification bias in gene expression studies that utilize oligonucleotide-array platforms may not be directly applicable to cDNA microarrays. In addition to vast differences in the labeling procedures, only one set of probes is hybridized to microarrays containing short (b 100 bp) oligonucleotides, while two probes labeled with different fluorescent dyes are competitively hybridized to cDNA arrays containing double-stranded DNA (usually several hundred base pairs and up to several kilobases long). Moreover, the peculiarities of each method require the application of specifically developed software for processing expression intensities. Wadenbäck et al. [28] compared two amplification techniques by hybridizing amplified RNA to a pine tree cDNA microarray and assessed the relative bias each method introduced. They showed that linear amplification by T7 RNA polymerase, compared with PCR-based RNA amplification, yielded transcripts with a greater range in lengths and greater estimated mean length as well as greater variation of expression levels; average GC content, however, was lower.
Applying a linear amplification protocol based on in vitro transcription [16] (Fig. 1 ) and using a cDNA microarray platform, we show here that certain RNA sequence properties significantly bias amplification efficiency. We compare gene expression levels of total RNA with amplified RNA (Fig. 2 ) from two very different tissue types, brain and muscle, of the African cichlid fish Astatotilapia burtoni. We use an expanded custom-built microarray [30] that contains more than 17,700 features, derived from several tissues/organs. We then determine whether sequence properties (e.g., GC content, tandem repeats, hairpin structure, poly(A) and poly(T) stretches, etc.) (Table 1 ) explain the differences in over-or underrepresentation of transcripts due to the amplification procedure. Specifically, we focus on two major categories: (A) features on the array that were absent in the unamplified samples but appeared after amplification as well as features that were present in the unamplified samples but disappeared after amplification and (B) features that gave different regulation signals before and after amplification.
Results

Amplification bias measured from expression intensities
The overall amplification bias as inferred from correlations between log 2 ratios of expression intensities of unamplified and amplified RNA, and between amplified replicates, was small and comparable to results of one-round amplification of other linear amplification methods [31] . Log 2 ratios covaried strongly when we compared expression data obtained from unamplified and amplified RNA (Pearson correlation coefficient r = 0.78; Fig. 3a) and even more so when we compared two technical replicates of RNA amplification (r = 0.96; Fig. 3b ).
Reliability of amplified samples in detecting gene expression differences
We found that 1.3% (219) of array features called present in the unamplified set disappeared after amplification, while 2.5% (425) called absent in the unamplified set appeared after amplification ( Table 2 ). In addition, 18.1% (3058) of features were differentially expressed between brain and muscle in the unamplified samples compared to 33.4% (5643) features in the amplified samples, and 13.9% (2353) of array features were differentially expressed in both unamplified and amplified samples, while 4.2% (705) of features were exclusive to RNAfold [46] Z score: each sequence was shuffled 1000 times by maintaining the dinucleotide frequency to avoid composition biases and the folding energy was calculated. The average of the resulting energies was subtracted from the folding energy of the real sequence and divided by the standard deviation Number of hairpins RNAfold [46] Number of hairpins was determined from RNAfold output Maximum length of hairpins RNAfold [46] Length of the longest hairpin was extracted from RNAfold output (nt) GC skew
Perl script
Perl script (A-T)/(A + T) [47] unamplified and 19.5% (3290) of features were exclusive to the amplified set. Of the features that were differentially expressed in both sets, 98.73% (2323) were concordant, while only 1.27% (30) showed an inversion in regulation between unamplified and amplified samples. Plots of the log ratio of hybridization intensities (M) versus their mean log expression (A) [32] illustrate that features that were exclusively regulated in either the unamplified or the amplified sample were not restricted to low-intensity spots but rather covered the entire intensity range (Fig. 4) .
Amplification bias is linked to sequence-specific properties
Both categories tested (array features scored as present that were either gained or lost after amplification and features that gave different regulation signals before and after amplification) revealed a bias in amplification that depended on sequencespecific properties of the RNA species (Table 2 and Fig. 5 ).
For example, features on the array that were absent before and present after amplification were characterized by a significantly higher GC content (45.7 ± 7.7%) than features that were present before and absent after amplification (42.2 ± 7.8%) as well as those that were present on both array types (43.9 ± 8.0%) (Fig. 6 ). Furthermore, when tested against features that showed no change in regulation (GC content: 43.7 ± 7.9%), we found a significant difference in GC content for features where we gained regulation after amplification (43.9 ± 7.88%), but not in those where we lost regulation after amplification (47.3 ± 8.08%).
This analysis assumes that the GC content of each expressed sequence tag (EST) is representative of that of the full-length RNA species that is subject to the amplification procedure. However, to date only ∼ 30 complete coding regions have been cloned and sequenced for A. burtoni, even though a whole genome sequencing project is under way (see URL http://www. genome.gov/19516773). In the absence of large numbers of known full-length RNAs, we decided to compare the GC content of individual ESTs to the contigs they cluster into using the contigs contained by the DFCI GeneIndex for A. burtoni and built from the ESTs present on our array (see URL http:// compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=a_ burtoni). These contigs are on average 200 bp longer than the individual ESTs. We find that the GC content of 98.2% ESTs that clustered into contigs is not significantly different (even at a liberal cutoff of p b 0.01) from that of the contigs themselves.
Furthermore, we found that features that appeared after amplification had significantly shorter poly(A) and poly(T) stretches and higher folding energy, as well as fewer and shorter hairpins ( Table 2 , Figs. 5 and 6). Features that disappeared after amplification had a significantly lower normalized folding energy and lower AT skew. Features that were gained as regulated after amplification had significantly shorter poly(A) and poly(T) stretches than those that showed no change in regulation. Features for which we lost regulation signal after amplification had significantly shorter poly(T) stretches and significantly higher folding energy and normalized folding energy, as well as significantly fewer and shorter hairpins. In none of the categories tested did we find significant differences in tandem repeats and GC skew.
Discussion
Minimally invasive methods and new technological advances such as fine-needle biopsies, laser capture microdissection, and microaspiration provide the basis for selective small-scale tissue extractions as they are used, for example, in early cancer diagnostics and neurobiological research [2, 5, 6, 33] . However, these techniques frequently yield only minute amounts of starting material for gene expression profiling, which renders RNA amplification absolutely indispensable. A major concern with any amplification procedure is the faithful retention of the relative transcript abundance and, thus, it is not surprising that in the past decade, much effort has been invested into developing reliable and efficient ways of amplifying RNA [17] .
In the classic "Eberwine method" [10] , from which all linear amplification protocols were derived, mRNA is amplified with T7 polymerase in one, two, or even three rounds of amplification. An alternative strategy that can efficiently amplify samples containing far fewer molecules than needed for linear amplification is PCR with DNA polymerase. Both methods have their strengths and weaknesses and, depending on the amount and Table 2 Percentage of total number of features and sequence-specific properties (see Table 1 for definitions) statistically tested for being correlated with biased RNA amplification (see heat map in Fig. 6 [14] ). In our study, we used a commercially available linear amplification kit, based on the method by Baugh et al. [16] , that was developed in an attempt to maximize the length of the original RNA templates. A bias introduced in the course of an amplification process can be measured in a number of different ways, of which quantitative real-time PCR [20, 21] and microarray analysis [22] [23] [24] [25] [26] are two commonly used methods. Most studies have restricted their analysis to a comparison between expression intensity values of unamplified versus amplified RNA. Only recently have scientists started to take into account sequencespecific properties that might be prone to be amplified in a biased fashion [28, 29] . Our study presents a comprehensive analysis of RNA amplification bias associated with certain nucleotide strand characteristics such as GC content, length of poly(A) stretches, folding energy, and number and length of hairpins (see Tables 1 and 2 ). We measured differences in gene expression by competitively hybridizing two tissue types from the cichlid fish A. burtoni to a custom-built cDNA microarray. The use of cDNA libraries of ESTs to construct DNA microarrays is a good and often the only way to perform large-scale gene expression studies in nontraditional model systems for which no genome has yet been sequenced [30, 34] .
Our results show that the linear T7-based amplification method used in this study produced RNA that remained a representative sample of the starting material. Overall, we observe reliable gene expression patterns for amplified samples that are comparable to results of one-round amplifications in a previous survey [31] . However, we also detect bias in expression intensities between unamplified and amplified RNA (Fig. 3a) . By hybridizing either T7-or PCR-amplified RNA to cDNA microarrays, Wadenbäck et al. [28] demonstrated differential amplification efficiencies measured as the percentage of detectable spots or signals above background (88%, T7; 71%, PCR). Amplification bias was also reported by van Haaften et al. [29] , who observed considerable loss of signals (21%) on an Affymetrix oligoarray after T7 amplification. Their proportion of features called present before but absent after amplification was thus almost 20-fold higher than what we found in our own study (1.3%). For oligoarray experiments, losing such a high number of signals due to RNA amplification seems not unusual [8] and may in part be due to the greater demand of target quantities [7] and the nature of Fig. 4 . Log ratio of hybridization intensities of brain RNA and muscle RNA (M) versus their mean log intensities (A) for (A) unamplified RNA and (B) amplified RNA. M = log 2 I 1 − log 2 I 2 and A = (log 2 I 1 + log 2 I 2 )/2, where I 1 is the mean intensity signal of brain RNA and I 2 is the mean intensity signal of muscle RNA. Dark blue, features regulated in both unamplified and amplified samples; yellow, regulated exclusively in unamplified samples; pink, regulated exclusively in amplified samples. Fig. 5 . Heat map presentation of significance values for the sequence properties that influence amplification efficiency as determined by genes that were gained/lost as either present or regulated after amplification. Red (blue) colors indicate that sequences that were gained/lost had increased (decreased) values in the respective sequence parameter. For detailed information see Table 2 . the amplification procedure. Interestingly, the relative proportions of features that appeared after amplification were comparable, with 3 [29] and 2.5% (this study). Statistical analyses of correlations between gene expression patterns and sequencespecific properties revealed nonrandom amplification bias in all three studies including ours [28, 29] .
Wadenbäck et al. [28] found for pine that amplification performance by T7 RNA polymerase appeared to depend on three different sequence properties: the mean GC content was lower and the range of sequence lengths and the estimated mean range, as well as the variation in expression levels, were greater after PCR amplification. In our study, those transcripts for which we gained a detection signal after linear amplification were shown to have a significantly higher GC content (45.7 ± 7.73%) compared to those that were present in both the unamplified and the amplified sample (43.9 ± 7.95%) as well as those that disappeared after amplification (42.2 ± 7.79%). This result is in sharp contrast with the findings of van Haaften et al. [29] , who found just the opposite pattern. They compared unamplified and linear-T7-based amplified RNA derived from biopsies of rat cardiac tissue by means of hybridization to Affymetrix GeneChip gene arrays, which utilize short oligonucleotides as targets. In their experiment, reporters that disappeared after amplification had a significantly higher GC content (53.7 ± 4.0%) compared to those that remained detectable (47.8 ± 5.5%). In reference to a previous study by Arezi et al. [35] , this observation led them to conclude that higher affinity bonds between nucleotides G and C compared to A and T were responsible for the inferior performance of the DNA polymerase during amplification. Arezi et al. [35] indeed discovered a difficulty for several PCR enzymes to amplify sequences with high GC content efficiently, but the T7 polymerase was not included in their analysis. Because of the intriguingly similar codon distribution patterns of phages and their respective host genomes (e.g., T7, 48% GC content; Escherichia coli host, 49% GC content), it has been suggested that such enzymes transcribe or replicate efficiently only in a narrow window of GC content [36] . It follows then that, even if the same enzyme and amplification protocol are used, the magnitude of amplification bias observed for one species might not be predictive of the biases observed in other study organisms that have different base compositions. Mean GC content is generally higher in the generich regions of homeothermic genomes than in those of poikilotherms, such as fish and reptiles [37] . Zhang et al. [38] calculated a mean GC content of 51.8 ± 6.0% for the coding region of Rattus norvegicus genes based on ∼ 6000 genes. The average GC content of A. burtoni is 43.9 ± 8.0%, which is consistent with findings in other teleosts (e.g., stickleback, average GC content ∼ 42%; Grimwood et al., unpublished data). Given these differences in base composition, it is therefore not surprising that our results for GC content are the inverse to those of van Haaften et al. [29] . Our results suggest that both relatively high (53.7 ± 4.0% [29] ) and relatively low GC content (42.2 ± 7.8%) are suboptimal for the performance of the T7 polymerase and that GC content in-between those "extremes" may allow fairly unbiased amplification. As mentioned, the average GC content of the T7 phage is 48% [36] and falls right into the range where amplification did not result in a loss of signal in either rat or cichlid fish. Polacek et al. [20] , using cDNA arrays, analyzed transcripts expressed in human endothelial cells and compared the numbers of regulated genes that were exclusively found in either the unamplified or the T7-based linearly amplified sample with those common to both samples. When we calculated the mean GC content of the published sequences available from this study [20] (≤ 1000 nt from the 3′ end), we found an increased GC content for genes exclusively regulated in the unamplified data set compared with those regulated only in the amplified sample or those that were regulated in both samples (data not shown). This finding is consistent with the results of our study, in which we found features that were exclusively regulated in the unamplified sample to have a significantly higher GC content than features of the other two categories.
Although GC content may considerably affect the efficiency of the amplification process it is certainly not the only factor that does so. Van Haaften et al. [29] already showed that sequences with high predicted numbers and lengths of hairpins were less likely to be amplified by the T7 polymerase than control sequences. Our study corroborates their results and gives further insights in the role other sequence properties such as poly(A) and poly(T) stretches play in the amplification procedure. We find that sequences with significantly shorter poly(A) and poly(T) stretches, fewer and shorter hairpins, or higher folding energies were preferentially amplified. Long stretches of mononucleotides can serve as alternative priming sites for oligonucleotides during cDNA synthesis and can entail the generation of two or more truncated products instead of one complete sequence [39] . Moreover, they often pose an obstacle for enzymes, especially when they are occupied by an internally primed oligonucleotide, resulting in the abortion of strand extension [39] . The latter is also more likely to happen the more hairpins a sequence has and the longer the hairpins are. Several of these sequence properties are thus nonindependent but rather related to each other. High stability is generally reflected by a low folding energy due to the formation of secondary structures. We also find that features that disappeared after amplification had a significantly lower Z score of the folding energy compared to those detectable in both sets. The low Z score indicates that the molecules are more stable than random sequences with the same composition and maintained dinucleotide frequency.
RNA amplification results in an overall increase in template molecules. A greater number of microarray features may then be detected above threshold if the amplified RNA is labeled at a higher efficiency than the unamplified RNA. Alternatively, an increase in the number of detectable features would be observed if the amplified sample included less material that would contribute to background. These hypotheses are reflected in the results of previous studies [20, 40] as well as in our observations of a higher percentage of features that were scored as unregulated before but as regulated after amplification (19.5%) than vice versa (4.2%). Importantly, these signals were not restricted to low-intensity (i.e., variable) spots but instead covered the whole intensity range (Fig. 4) . However, given that the sample size (number of arrays hybridized) was smaller in the experiment using unamplified RNA, the number of regulated array features may be underestimated due to decreased statistical power (compared with the amplified RNA experiment). The features that appeared unregulated before but regulated after amplification were characterized by significantly shorter poly(A) and poly(T) stretches, while the features that appeared regulated before but unregulated after amplification had a significantly higher GC content, shorter poly(T) stretches, higher folding energy, higher Z scores of folding energy, as well as fewer and shorter hairpins compared to those for which no change in regulation was observed before and after amplification. These sequence properties were thus shown to hamper efficient RNA amplification.
In many cases, amplification of small amounts of RNA is absolutely necessary for analyzing gene expression of particular tissue samples. With the linear amplification method we used in this study we show that the amplified RNA overall represents a valid sample of the original template. However, one has to be aware of the fact that some RNAs are prone to be multiplied in a nonrandom fashion due to certain sequence properties. We hypothesize that this bias may depend on the sequence characteristics that the enzyme utilized in the amplification procedure has been adapted to in the course of evolution. Unamplified and amplified samples should therefore never be directly compared.
Many variations of the linear RNA amplification protocol are in use, and it is not possible at this point to infer how and to what extent variations in a given protocol affect the nature of RNA amplification with respect to certain sequence properties. As more studies become available that relate sequence characteristics to different amplification protocols, it may become possible to assign generalized sequence-based "risk factors" to RNA species. Until then, experiments that utilize RNA amplification for microarray hybridization should ideally be accompanied by a control that compares unamplified and amplified RNA expression patterns to identify sequences that are prone to be affected by amplification bias.
Materials and methods
RNA isolation
RNA was isolated from muscle (M) and whole brain (B) of one lab-bred territorial male East African cichlid fish, A. burtoni. The tissue samples that had originally been stored in RNAlater were homogenized in 500 μl TRIzol (Invitrogen) and were processed according to the manufacturer's instruction. Pellets were redissolved in RNA Storage Solution (Ambion). Quality of RNA and absence of genomic DNA was assessed on a BioAnalyzer 2100 (Agilent) using the Agilent Total RNA Nano Chip assay. Clear 28S and 18S ribosomal bands and a high ratio of 28S versus 18S rRNA indicated that the extractions met the criteria for downstream genetic analysis. Quantity and purity (OD 260/280 and OD 260/230 ) of RNA were evaluated using a NanoDrop ND-1000 spectrophotometer.
Specifications of RNA amplification kit
Amplification strategies that are based on in vitro transcription with T7 RNA polymerase are generally prone to lose sequence information of the 5′ end [41] . This is due mainly to (1) the alignment of the T7 promoter/oligo(dT) primer and the transcription start at the 3′ poly(A) tail of the original mRNA and (2) the use of random hexamers during the second cDNA synthesis step, causing reduction in fragment length. Based on the protocol by Baugh et al. [16] , the ExpressArt mRNA amplification kit (AmpTech GmbH) facilitates the generation of almost full-length molecules. Compared to other protocols, the main improvement is the use of a Box-random-trinucleotide primer, which preferentially binds near the 3′ ends of the fragments and, together with the subsequent annealing of a T7 promoter/oligo(dT) primer, generates a doublestranded template for in vitro transcription with defined sequences at both ends (Fig. 1) .
RNA amplification
Five hundred nanograms of each sample was used in replicate as template for two rounds of linear amplification using the ExpressArt mRNA amplification kit (Nano version, AmpTech GmbH) with the following modifications. + equivalents. These amplification factors correlate well with the expected values given by the manufacturer of the amplification kit for 500 ng input material in both the first and the second round of amplification. The size distribution of second-roundamplified RNA was measured using a Nano Chip assay on the Agilent Bioanalyzer. RNA fragments peaked at approximately 500 bp and ranged up to 2000 bp.
Microarray hybridization
Two micrograms of unamplified RNA (M/B) and 1 μg of amplified RNA (M/B; two replicates; M/M, B/B), each adjusted to a total volume of 14.5 μl, were mixed with 1 μl of Primer Solution (poly(T), unamplified; poly(A), amplified) and incubated for 10 min at 70°C and 10 min at 4°C. cDNA synthesis was achieved by combining 5.6 μl 5× reaction buffer, 2.8 μl 0.1 M DTT, 0.75 μl 50× aminoallyl-dUTP/dNTP mix (2.5 mM each dATP, dCTP, dGTP; 1.5 mM dTTP; 10 mM aminoallyl-dUTP), 2 μl (200 U/μl) SuperScript II (Invitrogen), and 2.8 μl DEPC water and then incubating the reaction at 42°C for 2 h. Subsequently, samples were hydrolyzed and purified [30] prior to being labeled with Cy3 or Cy5 of the CyDye postlabeling reactive Dye Pack (Amersham) and incubated at room temperature for 1 h in the dark. Each sample was coupled twice, once to Cy3 and once to Cy5, to control for bias due to dye-specific fluorescence properties. Unincorporated primers and dye were removed by applying the labeled cDNAs to Qiagen PCR columns and by performing several washing steps. Amplified samples were then divided in half to take part in two separate hybridization reactions (see experimental design, Fig. 2 ). Two samples labeled with different dyes were pooled for competitive hybridization and further concentrated and filtered. After the volume was adjusted to 50 μl with DEPC water, 6 μl 20× SSC, 3 μl poly(dA) poly(dT), 0.96 μl 1 M Hepes (pH 7.5), and 0.6 μl 0.1 M DTT were added. The reaction was filtered and 0.9 μl 10% SDS was added. Fifty microliters of each probe mixture was applied to a custom-built A. burtoni cDNA array [30] , containing both a brain-specific library and a library from several other tissues. The array consists of more than 17,700 features (including several controls) with 5% sequence redundancy. Hybridization was performed under a coverslip submerged in a humidified chamber (Telechem) at 65°C for 15 to 16 h in the dark. Slides were rinsed at room temperature, first in 0.6× SSC, 0.025% SDS, 0.001 M DTT and then in 0.05× SSC, 0.001 M DTT, before they were centrifuged until dry. The slides were kept in the dark until they were scanned using an Axon 4000B scanner (Molecular Devices) with the software package Genepix 5.0 (Molecular Devices).
Data normalization and analysis
Scanned array images were visually inspected to adjust grids to spots deviating from the standard pattern and to exclude features with hybridization artifacts from further analysis. After this first filtering process the data were imported into R (v2.3.1) and analyzed with the LIMMA (Linear Models for MicroArray Data [42] ) software package, and spots with intensity values less than 2 standard deviations above local background were eliminated. The twocolor microarray data were normalized [43] by applying a within-array print-tip loess normalization. Given that the array consisted of PCR products originating from two different cDNA libraries normalization was performed for each group separately. Differential expression was determined using intensity ratios in a linear modeling and empirical Bayes analysis of gene expression levels (LIMMA t test [44] ) and were subsequently log 2 -transformed to render up-and down-regulated comparable values of the same scale.
Overall bias of RNA amplification was assessed by comparing the log 2 ratios of hybridization intensities for each feature in the amplified sample arrays to the corresponding values in the unamplified arrays. Reproducibility of the amplification procedure was evaluated by comparing the mean log 2 ratio of intensity values of the two technical replicates B/M (dye reversal). Bias introduced by amplification due to particular sequence properties of RNA molecules was tested for features that (A) were present/absent before and absent/ present after amplification, respectively; (B) were unregulated/regulated before and regulated/unregulated after amplification, respectively. All ESTs for which sequence information was available (∼ 54%) were analyzed for the following characteristics (see Table 1 ): (1) GC content, (2) tandem repeats, (3) poly(A) stretches, (4) poly(T) stretches, (5) folding energy, (6) folding energy normalized against a permuted set (Z score), (7) number of hairpins, (8) maximum length of hairpins, (9) GC skew, (10) AT skew. Statistical analyses were performed for the two different bias categories (A and B) as mentioned above and each of the sequence characteristics separately with the statistical package SPSS version 10.0 (SPSS 1999). Depending on whether the data fit a normal distribution, which was evaluated with the Kolmogorov-Smirnov test, a t test or nonparametric Mann-Whitney test was applied.
